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Abstract 
Isotopic analyses of U, Pb and REE in 144 zircon grains from the Bidoudouma 
stream, the Republic of Gabon, were performed to study correlation of elemental 
distribution with geological alteration effects.  The U-Pb isotopic results reveal that the 
zircons formed around 2.8-2.1 Ga ago and altered around 500 Ma ago by igneous 
activity in association with dolerite dyke intrusion.  The REE abundance patterns of 
the U-Pb discordant zircons are characterized by high contents of REE (977-98154 
ppm), small LREE-HREE fractionations and distinctly positive Eu anomalies.  The 
discordant zircons also contain significant amounts of non-formula elements such as Ca, 
Mn, Al and Fe; whereas, their contents of Zr and Si are 1-15% lower than those of 
concordant zircon.  Non-formula elements and REE, especially LREE, were 
incorporated into metamict zircon in association with Pb-loss, which indicates that the 
non-formula elements and REE substituted for Zr and Si.  Judging from this 
correlation among the contents of non-formula elements, when zircon was initially 
altered, Fe substituted for major elements of zircon.  After the saturation of Fe, Ca and 
Mn were incorporated into zircon together with REE and Al followed by Ca.  The 
metamict zircons contain large amount of U (~8215 ppm), which indicates that U had 
not migrated from zircon grain in association with the Pb-loss.   
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1. INTRODUCTION 
Zircon is one of accessory minerals which are suited for in-situ U-Pb 
geochronology and has been proposed as an immobilization phase for actinides because 
of the ability to incorporate large amounts of U and Pu (e.g., Ewing et al., 1995; Ewing, 
1999).  In these applications, the redistribution and/or retention behavior of trace 
elements such as Pb, U and rare earth elements (REE) is important and elemental 
release may be much enhanced by radiation damage caused by the α-decay of 
constituent actinides (Ewing et al., 1988, 2003).  Previous work reports incorporation 
of light REE (LREE) and non-formula elements such as Ca, Al, Fe and Mn into 
metamict zircon in association with hydrothermal alteration (e.g., Geisler et al., 2002, 
2003).  Geisler et al. (2002) suggested loss of U and Th from zircon during low 
temperature leaching experiments, whereas Mathieu et al. (2001) concluded that U 
enriched rim of zircon was caused by an incorporation of U together with LREE.  In 
this paper, we investigate the distribution of U, REE and non-formula elements in 
metamict zircon in association with the disturbance of U-Pb system using in-situ 
isotopic analysis via an ion microprobe.   
 
2. EXPERIMENTAL PROCEDURES 
2.1. Samples 
The samples used in this study were collected from the Bidoudouma stream 
which is located 63km north of Oklo, the Republic of Gabon (Fig.1).  The rocks 
consist of fine-grained (0.1 to 0.2 mm) acidic tuff, and contain quartz and albite grains.  
The matrix is dominated by quartz and feldspar with small amount of chlorite and 
epidote.  Muscovite, biotite, zircon, apatite, tourmaline and garnet occur as accessory 
minerals.  The occurrence of non-volcanic minerals such as muscovite, tourmaline and 
garnet reflects the origin of the detrital minerals.  Some samples include small veins of 
Fe-bearing minerals and contain some altered monazite.   
2.2. Analytical Procedures 
An electron probe micro analyzer (EPMA: JEOL JXA-8200) was used for 
quantitative analysis of major elements and for obtaining back-scattered electron (BSE) 
images of individual zircon grains.  The analytical spot size was 5 μm, and the electron 
beam current was 50 nA at 15 kV of acceleration voltage.  In-situ isotopic analyses of 
Pb, U and REE were performed on a Sensitive High-mass Resolution Ion MicroProbe 
(SHRIMP II) at Hiroshima University.  A 0.5-1.2 nA beam of O2- primary ion was used 
to sputter a 10 μm analytical spot on the sample.  Prior to SHRIMP measurements, 
analytical spots were selected by using a BSE image and reflected light microscopy to 
avoid micro fractures and inclusions in the individual zircon grains.  The procedures 
for Pb and U isotopic analyses of zircon are after Compston et al. (1984).  In this study, 
two kinds of standard zircon, QGNG (206Pb/238U=0.3307; 1842.0±3.1 Ma (Black et al., 
2004)) and SL13 (U concentration of 238 ppm) were used for the U-Pb calibration and 
the calculation of U and REE concentrations in the samples, respectively.  The 
determination of REE abundances of zircon was based on the analytical procedures of 
Hidaka et al. (2002).  Raman spectroscopy was completed on a Renishaw inVia Raman 
Reflex microscope with a dedicated Leica DMLM microscope using 100x objective 
lens at Hiroshima University.  Spectra were excited with the 514 nm emission line of 
an Ar laser (20 mW).  The scattered Raman light was analyzed with a charge-coupled 
device (CCD) array detector after being dispersed by a grating at 1800 grooves per mm.  
Detailed analytical procedures are after Nasdala et al. (1995).  
 
3. RESULTS AND DISCUSSION 
3.1. U-Pb system 
Overall 144 zircon grains were identified in three thin sections and the grain 
size is variable from less than 10 to 200 μm.  Over 130 zircon grains show distinct 
discordant U-Pb data (Fig. 2a), suggesting disturbance of the U-Pb system in the 
individual grains.  U-Pb data of the discordant zircons show 2.8-2.1 Ga as an upper 
intercept age of the U-Pb concordia diagram in Fig. 2a, which is consistent with 
previous chronological data for the Bidoudouma stream (Horie et al., 2004).  U 
contents of discordant zircon (100-8215 ppm) are higher than those of concordant 
zircon (30-581 ppm).  High U content is possibly due to variable radiation damage to 
crystal structure, resulting in the metamict state.  The low crystallinity zircons are 
more susceptible to alteration and easily release Pb from the structure (e.g., Pidgeon et 
al., 1966).  In order to quantify the degree of radiation damage of discordant zircons, 
micro-Raman spectroscopy was used.  As shown in Fig. 2b, the full width at half 
maximum (FWHM) of the intense ν3(SiO4) stretching band around 1000 cm-1 increases 
with time-integrated self-irradiation doses (Dα) calculated from the measured U and Th 
concentrations using the upper intercept ages of each of the zircon grains.  Phonon 
frequencies of ν3(SiO4) band also increase with Dα.  The effects of α-decay radiation 
damage on zircon structure are characterized by a decrease in Raman intensity, an 
increase of FWHM and a decrease in phonon frequencies of ν3(SiO4) (e.g., Zhang et al., 
2000; Nasdala et al., 2003; Palenik et al., 2003).  Moreover, as shown in Fig. 2c, zircon 
grains with high Dα lost Pb and major constituent elements such as Zr and Si.  These 
correlations between Dα and a degree of Pb-loss indicate that the metamict zircons have 
released Pb through low crystallinity or amorphous phase in association with geological 
events (Utsunomiya et al., 2004).  The decrease of major elements suggests 
replacement of other elements such as REE and non-formula elements in association 
with Pb-loss (Geisler et al., 2003).  
3.2. Incorporation of REE and non-formula elements into metamict zircon 
Figure 3a shows typical REE patterns normalized by C1 chondrite of the 
Bidoudouma zircons.  Discordant zircons show larger amounts of total REE 
(ΣREE=977-98154 ppm) and less fractionation between LREE (La, Pr and Nd) and 
HREE (Tm, Yb and Lu) (HREE/LREE=1.9-208) rather than concordant zircons 
(ΣREE=383-801 ppm; HREE/LREE=129-2166).  Some of the discordant zircon show 
distinctly positive Eu anomalies (Eu/Eu*=0.47-4.5; Eu* is defined as (Sm+Gd)/2 in 
chondrite-normalized REE patterns) which is not common in the terrestrial minerals.  
There are two reasons suggested for the difference in REE data between concordant and 
discordant zircon grains; (1) the REE abundances in the discordant zircon may reflect 
the original chemical compositions of the source melt rock.  (2) the REE were 
redistributed in zircon during the thermal event in association with dolerite dyke 
intrusion (Evins et al., 2005).  Considering the chemical similarity between REE and U, 
it seems reasonable that discordant zircons with higher U contents contain larger 
amounts of REE.  As shown in Fig. 3a, the Eu change from deficit to excess to a 
reference value Eu* within a single grain, and it is unlikely that melts with different 
chemical composition existed contemporaneously within such as narrow composition 
range.  Previous work reported preferential incorporation of LREE into metamict 
zircon together with non-formula elements in association with depletion of Zr and Si 
contents (e.g., Mathieu et al., 2001; Geisler et al., 2003).  The discordant zircons of the 
Bidoudouma contain large amounts of Ca (CaO: 0-1.65 wt.%), Mn (MnO: 0-0.66 wt.%), 
Al (Al2O3: 0-1.85 wt.%) and Fe (FeO: 0.04-0.93 wt.%) as compared with concordant 
zircon (CaO, Mn and Al2O3: <0.01 wt.%; FeO: <0.15 wt.%).  On the other hand, Zr 
and Si contents of discordant zircon (ZrO2: 55.5-65.4 and SiO2: 30.6-34.0 wt.%) are 
lower than those of concordant zircon (ZrO2: 64.4-66.0 and SiO2: 33.2-34.2 wt.%).  
Figure 3b shows a correlation between the contents of Zr and Ca, and the other 
non-formula elements such as Mn, Al and Fe also show the correlation with those of Zr 
and Si.  These correlations suggest that non-formula elements substituted for Zr and Si.  
Judging from the correlation between Zr contents and the degree of Pb-loss (Fig. 2c), 
the incorporation of non-formula elements was associated with Pb-loss.  Considering 
the similarity of the ionic radii among Ca2+ (1.12 Å), Mn2+ (0.96 Å) and REE3+ (La and 
Lu: 1.16 and 0.977 Å, respectively), there is a possibility that the REE incorporated into 
the metamict zircon in association with the substitution of Ca and Mn.  As shown in 
Fig. 3b, the discordant zircons show higher concentrations of Ca than those of Mn, 
which indicates preferential incorporation of LREE into metamict zircons rather than 
HREE.  Therefore, small LREE-HREE fractionations (HREE/LREE<208) in 
discordant zircons result from the preferential incorporation of LREE together with Ca. 
   
Some zircons with high Zr-content have no correlation between contents of Zr 
and Ca (Fig. 3b).  In the high Zr region, ZrO2 contents decrease from 66 to ca. 64 
wt.%; whereas, Ca and Mn contents are constant (CaO<0.01 and MnO<0.03 wt.%, 
respectively).  On the other hand, FeO contents increase from 0.03 to 0.3 wt.% in the 
same high Zr region.  Figure 3c shows a correlation between Ca content and Fe and Al 
contents.  Fe-content rapidly increases in low Ca region (CaO<0.08 wt.%), and was 
kept constant at CaO>0.08 wt.%.  The correlation between the contents of Ca and Fe 
seems to be logarithmic, which suggests that Fe contents are saturated above 0.08 wt.% 
of CaO.  The region of the rapid increase of Fe-content accords with the region of the 
decrease of Zr-content without enrichment of Ca, which indicates that the decrease of 
Zr-content before the enrichment of Ca was caused by incorporation of Fe.  On the 
other hand, Al contents of discordant zircon are constant below 0.5 wt.% of CaO and 
exponentially increase above 0.5 wt.%.  The experimental results of hydrothermal 
treatment of natural zircons (Geisler et al., 2001) also support this correlation.  
Moreover, our data suggest the substitution mechanism of non-formula elements into 
altered zircon.  When zircon was initially altered, Fe substituted for major elements of 
zircon.  After the saturation of Fe (around 0.5 wt.%), Ca and Mn incorporated into 
zircon together with REE and Al followed Ca.   
3.3. Redistribution behavior of U 
As shown in Fig. 4, zircons with high U content lost large amounts of Pb.  
High U content in zircon caused radiation damage to the crystal structure, and metamict 
zircon easily released Pb.  The correlation between U contents and the degree of 
Pb-loss indicates that Pb-loss easily occurred in highly metamict zircons.  Geisler et al. 
(2002) found over 90 % of U migrated from zircon in association with Pb-loss of ca. 
98 % through hydrothermal alteration; whereas, Mathieu et al. (2001) reported an 
enrichment of U in detrital zircons around uranium deposit.  The metamict zircons 
released over 80 % of Pb maintain large amounts of U (1000~2300 ppm), which 
suggests that mobility of U in association with the Pb-loss was not high. 
  
4. CONCLUSIONS 
Many zircon grains of the Bidoudouma show distinctly discordant U-Pb data.  
Raman spectra indicated that crystal structure of the discordant zircons was damaged by 
α-decay radiation.  The REE abundance patterns of the discordant zircons are 
characterized by larges amount of REE, small LREE-HREE fractionations and 
distinctly positive Eu anomalies.  The discordant zircons contain large amount of Ca, 
Mn, Al and Fe; whereas, Zr and Si contents of discordant zircon are 1-15% lower than 
those of concordant zircon.  These non-formula elements substituted for Zr and Si in 
association with Pb-loss.  Considering the similarity of the ionic radii among Ca2+, 
Mn2+ and REE3+, REE incorporated into metamict zircon in association with the 
incorporation of Ca and Mn.  Judging from this correlation among the contents of 
non-formula elements, when zircon was initially altered, Fe substituted for major 
elements of zircon.  After the saturation of Fe, Ca and Mn incorporated into zircon 
together with REE and Al followed Ca.  The metamict zircons contain large amounts 
of U (~8215 ppm), which suggests that U had not migrated from the zircon grains in 
association with the Pb-loss.   
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Figure captions 
 
Figure 1.  Gological map of the Franceville resion. 
 
Figure 2.  (a) Tera-Wasserburg concordia diagram of the Bidoudouma zircon.  (b) 
Raman spectra of the discordant zircons in ν(SiO4) region around 1000 cm-1.  
The α-doses (Dα) given in 1018 α-events per gram were calculated by using the 
measured U and Th concentrations and the upper intercept ages of each zircon 
grains.  Detailed calculation method is described in Ewing et al. (2003).  The 
gray bar is a visual guide.  (c) Plot of dose vs. degree of Pb-loss and Zr-content.  
The Pb losses were calculated from the upper intercept age, the lower intercept 
age and U-Pb age of sample. 
 
Figure 3.  (a) Typical REE patterns normalized by C1 chondrite of the Bidoudouma 
zircons.  (b) Plot of Zr content vs. Ca and Mn content.  (c) Plot of Ca content 
vs. Fe and Al content. 
 
Figure 4.  U-content vs. the degree of Pb-loss diagram. 
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